Choanal atresia (CA) is a relatively uncommon but well-recognized condition characterized by the anatomical closure of the posterior choanae in the nasal cavity. Since the original description back in the early eighteenth century, there have been controversies regarding its exact pathogenesis, the optimal surgical approach, and the use of adjunct treatments such as post-surgical stenting and anti-neoplastic agents, despite of abundant literature available. The emergence and development of new technologies play a significant role in the management of this condition. This review provides a comprehensive clinical update on CA and identifies areas for future study based on the existing available literature.
Introduction
Choanal atresia (CA) is a well-recognized etiology for congenital nasal airway abnormality that could have various clinical presentations ranging from acute airway obstruction to chronic recurrent sinusitis. This disease entity was first described by Roederer in 1755 (1) while Oto et al. further characterized the anomaly in relation to the deformity of the palatine bones in 1829 (2) . Emmert et al. in 1851 was the first to demonstrate the use of curved trochar in tranasal repair of bilateral CA in a 7-year-old boy (3) . By 1920s, most of CA clinical features were recognized, and four surgical techniques including trans-nasal, trans-septal, trans-palatal, and trans-maxillary approach had been devised (4) . Since the first description back in eighteenth Century, there has been abundance of literature describing various aspects of CA. However, there are still controversies on the exact pathogenesis, the effectiveness on various surgical techniques, and the use of post-surgical stenting and anti-neoplastic agent as adjunct for the surgical treatments. The purpose of this review is to provide a comprehensive clinical update on CA and to identify areas for future study based on the existing literature available currently.
Relevant Anatomy and Epidemiology
Choanal atresia, defined as the anatomical closure of the posterior choanae in the nasal cavity, is relatively uncommon disease entity with an estimated incidence of 1:5000-7000 birth (5) . Historically reported in 1910, the deformity was made up of 90% bony and 10% membranous atresia (6) . With a modern workup of computer tomography, a retrospective study reviewing the CT and histologic specimens in 63 patients showed a 29% pure bone atresia, 71% mixed membranous and bone atresia with no pure membranous atresia present (7) . Anatomic boundaries of the posterior choanae include the undersurface of the body of the sphenoid bones superiorly, the medial pterygoid lamina laterally, the vomer medially, and the horizontal portion of the palatal bone inferiorly. The actual narrowing could be caused by one of the abovementioned bony components. Correctly identifying and addressing the point of obstruction is the key to surgical success. Interestingly, the characteristics of CA follow a "2-1" rule, namely the ratio of unilateral to bilateral CA, female to male and the right sided to the left sided CA (8) . In a study of 129 patients with choanal atresia and stenosis (CA/S), about 51% of studied patients had another congenital anomalies, the most common being Coloboma, Heart disease, Choanal atresia, Mental and growth retardation, Genital hypoplasia, Ear deformities (CHARGE) syndrome (9) . Bilateral CA/S was more commonly seen in patients in whom other congenital anomalies are identified while unilateral CA/S occurred more frequently in isolated cases (9) .
Embryology and Pathogenesis
Development of the nasal cavity starts with neural crest cells migration from their origin in the dorsal neural folds at about 3.5 weeks of fetal life. During the subsequent 2 weeks, nasal processes or placodes invaginate to form the nasal pits. The nasal pits burrow deeper within the mesenchyme while nasobuccal membrane normally will rupture to create a nasal cavity with the primitive choana (10) . Four basic theories have been accepted over the years (8) : (1 
The Role of Retinoic Acid
Retinoic acid deficiency during gestation period has been known to induce numerous malformations (11) . Retinoic acid (RA) produced from vitamin A by retinaldehyde dehydrogenase (Raldh) is important for ontogenesis and homeostasis of numerous tissues (12) . Using a mouse model, Dupe et al. demonstrated that Raldh3 knockout suppressed RA synthesis and caused CA due to persistence of nasal fins, whose rupture normally allowed the communication between nasal and oral cavities (12) . Dupe et al. proposed that the impaired RA synthesis caused over-expression of fibroblast growth factor 8 (FGF-8), which in turned led to persistent nasal fins. They also demonstrated that the CA in the Raldh3 knockout mice could be prevented by maternal treatment of RA (12) . The role of FGF-8 in CA development was further supported by the observation of prevalent CA among patients with craniosynostosis syndromes as a result of the elevated level of FGF-8 expression (13).
Thioamides and CA
Thioamides, such as methimazole, carbimazole, and propylthiouracil, are commonly used as medical treatment for hyperthyroidism. Their potential association with CA was described by several case reports of CA in the newborns from mothers who had prenatal use of thioamides (14) (15) (16) . In a more recent casecontrol study, Barbero et al. found prenatal exposure to maternal hyperthyroidism treated with methimazole was associated with CA development (17) . However, based on their studied cases and a critical literature review, it was proposed that the mother's hyperthyroidism rather than the methimazole treatment might be the causal factor for CA (17) . Elevated thyroid-stimulating hormones (TSH) level was associated with increased level of FGF, FGF receptor, and other proliferating growth factors, which hypothetically form the basis for CA development (18) .
However, further studies are required to further delineate the causes and pathogenesis of CA.
Clinical Presentation and Diagnosis
Clinical presentation of CA varies from acute airway obstruction to chronic recurrent sinusitis depending on whether CA is unilateral, bilateral, or associated with other coexisting airway abnormalities, as often seen in patients with CHARGE syndrome and craniofacial anomalies.
Bilateral CA
Due to the elevated laryngeal position compared to the adult counterpart (Figure 1) , newborns are obligate nose breathers until mouth breathing is established with the descent of the larynx approximately 4-6 weeks of life. In case of bilateral CA, infants can have acute respiratory distress with intermittent cyanosis characteristically relieved by crying. Feeding difficulty can be the initial alerting event in which the infants can present with progressive airway obstruction and choking during feeding because of their inability to breathe and feed simultaneously. Neonates with bilateral CA can also present with a history of multiple failed extubation attempts, especially in those with secondary airway issues.
Unilateral CA
Infants with unilateral CA, rarely present with neonate respiratory distress, are often diagnosed later on in life. The most common presentation is chronic unilateral nasal obstruction, persistent mucoid rhinorrhea, and/or a history of chronic sinusitis. Occasionally, the correct diagnosis could not be reached until adulthood due to the non-specific symptoms of unilateral nasal obstruction. Given the relatively low morbidity of unilateral CA, its definitive treatment is usually delayed until later age as the chance of successful surgical repair increases with age (i.e., more favorable anatomy later on in life) (19) .
CA with Multiple Congenital Anomalies
Burrow et al. studied 129 patients with CA/S and demonstrated that multiple congenital anomalies are commonly found among these patients, especially in those with bilateral CA (9) . Within this particular group of patients, about 34% had other airway abnormalities, such as tracheomalacia, laryngomalacia, and subglottic stenosis and about 21% had craniofacial abnormalities including CHARGE, Treacher Collins, Pfeiffer, Apert, Mandibulofacial dysostosis, and Crouzon syndromes (9) . Given the complex airway abnormality, this subgroup of patients always presents with more acute and severe respiratory symptoms and requires stable alternative airway management such as tracheostomy in addition to the surgical correction of CA.
Diagnosis
Initial clinical evaluation includes introduction of a six or eight Fr suction catheter via the nostrils, methylene blue dye test, cotton wisp test, and laryngeal mirror test. The distance of encountered resistance can provide insights into the etiology of nasal obstruction. An obstruction at approximately 1-2 cm from the ala rim in neonates is most likely deflection of the nasal septum or inferior turbinate while 3-3.5 cm from the alar rim indicates obstruction at the level posterior choanae. Flexible nasal endoscopy in a patient with proper preparation, such as nasal decongestion and mucous suctioning, allows direct visualization of the point of obstruction in the nasal passage and confirms the presence of an atretic plate in the choana. Therefore, it has become the preferred method for making the diagnosis.
Definitive evaluation is achieved with a CT of sinuses utilizing 2-5 mm cuts in patients with proper nasal preparation. CT demonstrated CA in form of the thickening of the anterior portion of the pterygoid plates and the enlargement of the posterior portion of the vomer, with or without membranous involvement (Figure 2) . To obtain a more precise anatomic definition of CA, Slovis et al. reviewed and compared CT findings between 11 CA patients and 66 control patients (20) . The mean choanal airspace of newborn, measured between lateral nasal wall and the vomer, was 0.67 mm, which increased 0.27 mm per year up to 20 years old. The mean vomer thickness was 2.3 mm in children with age <8 years and 2.8 mm in children ≥8 years. In patients with CA, choanal airspace was absent in bony atresia and 1/3 of the norm in membranous atresia while the mean vomer thickness was 6.0 mm in bony atresia and 3.0 mm in membranous counterpart (20) . A bony atretic plate may vary from 1 to 12 mm depending on the bony changes of the medial pterygoid lamina and vomer (20) .
Besides delineating the nature and severity of CA, CT is also useful in differentiating other causes of nasal obstruction from CA. Differential diagnoses include pyriform aperture stenosis, nasolacrimal duct cysts, turbinate hypertrophy, septal dislocation and deviation, antrochoanal polyp, or nasal neoplasm.
Management Initial Airway Management
Infants with bilateral CA can present as an airway emergency at birth. The goal of initial treatment for these patients is to maintain an adequate airway via the oral route. The preferred oral airway is McGovern nipple, an intraoral nipple with a large opening by cutting its end off, secured in the mouth with ties around the infant's occiput. A small feeding tube can be placed through another hole in the nipple or alongside the nipple to provide feeding needs. If patient fails to maintain an adequate airway with McGovern nipple, endotracheal intubation should be considered as the initial management.
Tracheostomy may be required if the definitive surgical treatment needs to be deferred due to patient's other comorbidities such as cardiopulmonary instability and multi-level airway obstruction. Patients with bilateral CA and CHARGE syndrome are more likely to fail atresia repair because of their (i) more contracted nasopharynx in a lateral and/or vertical dimension, (ii) narrower posterior choanal region than those with isolated CA and (iii) poor tongue/pharyngeal muscle control (21). Asher et al. in a retrospective review of 16 patients with CHARGE syndrome demonstrated that early repair of their CA was rarely successful. These patients had a propensity for airway instability leading to hypoxic events. Authors in the study therefore recommended early tracheotomy rather than early CA repair to secure the airway for CA patients with CHARGE syndrome (22) .
Surgical Management
Since the first attempt of CA surgical repair in mid-nineteenth century, there have been hundreds of articles published on the outcomes and effectiveness of various surgical approaches. However, there is no consensus on the recommended surgical techniques because of the several limitations in the existing literature. Majority of studies were single surgeon or institution series with small sample size. Different surgical techniques, variable duration of stenting or use of adjunct therapy (e.g., mitomycin) and lack of standardized outcome measures (i.e., definition for choanal patency and surgical failure) make comparison and meaningful interpretation of various studies difficult, and sometimes impossible. A recent Cochrane review provided a similar conclusion regarding the above limitations of the existing literature on CA surgery and recommended a unified effort in multicenter randomized controlled trials that test the effectiveness and safety of different surgical techniques in patients with CA (23).
Transnasal Puncture
First, CA repair was performed using a simple puncture transnasally by Emmert in 1851 (3). Urethral sounds (Figure 3) or Fearson dilators are used to puncture the atretic plate blindly via the nostrils. This approach has been used reliably in neonates with bilateral CA (24) . Over time, the technique has been refined with the use of 120°endoscope or laryngeal mirror to visualize the nasopharyngeal side of the atretic plate to ensure the safe passage of the dilators. Post-op stenting or combination with endoscopic resection is recommended because of the high restenosis rate. This approach is useful in patients with thin membranous and bony CA especially in very small infants where direct visualization with endoscope could be difficult. However, this approach is not recommended for thick bony atretic plate or patients with CHARGE syndrome as Hengerer et al. reported in their series showing that 100% (seven out of seven) of the CHARGE patients had restenosis (8) . Potential complications of transnasal puncture include septal and/or turbinate injury, intranasal adhesion, clival injury causing Gradenigo syndrome, CSF leakage, and meningitis from penetration and fracture of the perpendicular plate and/or cribriform plate of ethmoids (24) .
Transpalatal Repair
Transpalatal CA repair was first described by Owens in 1965 as an approach to optimize the exposure of the atretic plate for repair. A U-shaped mucosal flap posteriorly based on greater palatine vessels is raised beyond the hard and soft palate junction. The palatine bones posterior to the greater palatine foramina, the atresia plates, the posterior vomer and the medial pterygoid plates are carefully drilled using a diamond burr. Despite of the high reported primary success rate up to 84% (25) , the potential complications of this approach could be significant. Palatal incisions may have a banding effect on maxillary growth causing cross-bite and high palatal arch deformity (8) . Freng et al. showed that cross bite frequency in 55 CA patients (52%) treated by transpalatal repair was significantly higher than that of the 265 controls (4%) (26) . Other potential complications also include palatal flap breakdown, fistula, palatal muscle dysfunction, and velopharyngeal insufficiency (27) . Due to these morbid complications, this surgical approach is not recommended for children younger than 6 years (4, 10, 26) Advancement of miniature endoscope and powered instrument allows the development of transnasal endoscopic approach for CA repair.
Transnasal Endoscopic Repair
Park et al. conducted a survey of pediatric otolaryngologists belonging to the American Society of Pediatric Otolaryngology and demonstrated that endoscopic techniques and the use of powered instrumentation have become the primary procedure by most surgeons (25) . The use of endoscopic techniques for transnasal CA repair was first demonstrated by Stankiewicz (28) . Since then, there have been numerous reports on different modifications of the endoscopic techniques. After adequate nasal decongestion, a 2.9 or 4.0 mm Hopkins rigid endoscope is introduced in the nostril to visualize the atretic plate (Figure 4) . A laterally based mucosal flap is then raised to expose the bony part of the atretic plate. The thinnest section of the atresia, usually found at the junction of the hard palate and vomer below the tail of middle turbinate, is the ideal point of entry into the nasopharynx. Posterior bony septum (i.e., vomer) was removed to create a "neounichoana" (29) using powered instrument. No more than 1/3 of the bony septum is removed to prevent the potential adverse effect on the nasal growth centers. Avoiding bone ridges and covering the exposed bone surface with mucosa are essential to prevent post-operative restenosis (30) .
In case the nostril is too small to accommodate both endoscope and microdrill ipsilaterally, a posterior septal window can be created by using a sickle knife or cottle dissector (31) . Then, the posterior bony septum was enlarged by using either microdrill or backbiting forcep in one nostril under direct visualization using the endoscope in the other nostril. Once optimal exposure of the atretic plate is created, the rest of repair proceeds with the creation of a "neo-unichoana" in the similar fashion. Various studies have reported primary repair success rates ranging from 67 to 88% (32) . Mean success rate with transnasal endoscopic repair was 85.3% in a total of 238 cases in a metaanalysis of 20 studies (33). The primary repair success rate is difficult to interpret and compared across various studies because there is no standard definition of "surgical failure. " Some authors consider revision as removal of excessive granulation while others define it as any procedure requiring general anesthesia including stent replacement or removal (34) . Post-operative restenosis remains a common complication of the endoscopic CA repair (35, 36) . Risk factors for restenosis include nasopharyngeal reflux, gastroesophageal reflux, age <10 days (associated with limited visualization in noses of neonates and limited resection of the vomer), bilateral CA with purely bony atretic plate, the presence of associated malformations (19, (36) (37) (38) . Frequent post-operative use of nasal saline irrigation and periodic endoscopic surveillance or second look procedures can improve the primary repair success and reduce the rate of restenosis (30) .
Post-Operative Stenting
The use of post-operative stent in CA repair is a controversial topic in the existing literature. Its use has traditionally been one of postsurgical adjunct measures to reduce the chance of restenosis. In Park et al. 's survey of 95 pediatric otolaryngologists in 2000, 92 of them routinely used stents to maintain the choanal patency after CA repair. However, there is also disagreement in the stenting duration, the type of stents used and even the techniques in which stents are secured in the nostrils (38) . These inconsistencies may underline the reason why there has been no clear-cut evidence on the effectiveness of using stents after CA repair (5) . Indeed, data from the recent studies suggest that there is no difference in restenosis rates regardless of stenting (33, 34, 39) . Bedwell et al. in his review demonstrated that outcomes were good regardless of whether post-operative stents are used (39) . Repair without stenting reduces the intensity of post-operative management and avoids the potential for stent-related complications, such as discomfort, localized infection and ulceration, circumferential scar or granulation tissue formation (40) . A meta-analysis of 238 cases from 20 studies by Durmaz et al. failed to show the use of postoperative stents provided any significant difference in the surgical outcome of CA repair (33) . A combination of close post-operative follow-up, revision endoscopy to remove nasal crusting 1 week after the primary repair, and frequent nasal saline irrigation was the key to successful management of CA without stenting (36) .
Mitomycin C
Isolated from Streptomyces bacterial species, mitomycin C is an aminoglycoside, which inhibits DNA synthesis by generating oxygen radicals that alkylate and crosslink DNA. It has been shown to inhibit fibroblast proliferation and migration at the cellular level. Topical application of mitomycin C is used clinically in reducing post-surgical glottis and subglottic stenosis and also preventing recurrent respiratory papillomatosis. Studies in early 2000s
showed improved surgical outcome of CA repair with mitomycin C use (41, 42) . However, none of those studies had a proper control group to demonstrate the improved surgical outcome was caused by the use of mitomycin C. Subsequent studies failed to show significant difference in restenosis rate between the mitomycin group and the control group (43) (44) (45) . Similarly, Carter et al. in their recent study had the same conclusion about restenosis rate while showing decreased granulation tissue formation and fewer subsequent surgical debridements with topical mitomycin C treatment (45) . The long-term effect of this potentially carcinogenic medication as the treatment of a benign condition in children remains unclear (46) . Currently, the routine use of mitomycin C as an adjunct for surgical CA repair is not supported by the available evidence.
Surgery with CT-Image Guidance
Navigation with CT-image has been commonly used in endoscopic sinus and anterior skull base surgeries in otolaryngology. There are case reports of successful use of CT-image guidance during endoscopic transnasal CA repair in selected patients with special anatomic considerations, such as low-birth weight neonates and infants with Treacher Collins Syndrome (47, 48) . Most of the CA cases can be done safely with high quality pre-operative CT scans and good visualization using appropriately sized endoscope and instruments (5).
Laser-Assisted Surgery
Laser has been used in endonasal surgery more than 30 years. Healy et al. first described and demonstrated the feasibility of using CO 2 laser in management of CA back in 1978 (49) . However, bone ablation was not possible when bony atretic plate was >1 mm in thickness. Other types of laser, such as Nd-YAG, holmium-YAG, potassium titanyl phosphate (KTP), and contact diode laser (CDL) for repair of CA have been described (35, (50) (51) (52) . The advancement of miniature endoscope and small fiberoptic delivery system including CO 2 laser allows good visualization and precise delivery of the laser with improved maneuverability. However, the lack of significant advantage over the conventional powered instruments, increased fire risks, and reported deaths from air embolism related to Nd-YAG laser use limit the wide acceptance of laser-assisted CA repair (5, 53) . As the technology continues to evolve and future research provides more outcome data, lasers may play a further role in the CA repair.
Summary
Choanal atresia is a well-recognized etiology for congenital nasal obstruction. Since the original description back in the early eighteenth century, there have been controversies regarding its exact pathogenesis and the optimal surgical management in spite of abundant literature available. Despite of the increased molecular understanding of CA formation in recent years, further research in the genetic component of pathogenesis may help to elucidate the disease process more clearly. Moreover, the lack of randomized controlled trials makes it difficult to demonstrate the superiority of a specific surgical approach for CA repair. Current trends in treatment suggested a predilection toward the transnasal endoscopic approach with the use of miniature endoscope and micro-powered instruments. Creation of neo-unichoana with the use of mucosal flap, frequent post-operative use of nasal saline irrigation and periodic endoscopic surveillance or second look procedures can improve the primary repair success. The use of post-operative stents is decreasing in light of the evidence on the increased stent-related complications, such as local infection, synechiae, and granulation tissue formation. The effectiveness of mitomycin C has not been adequately proven based on the current literature. As the technology is becoming more sophisticated, CTguided and laser-assisted CA surgery may play a further role especially in patients with challenging anatomy, such as low-birth weight preterm infants and neonates with additional craniofacial anomaly.
